In this work, we simulate a set of realizations of local volume dark matter subhalo population based on the distributions and relations derived from Via Lactea II N-body simulation. We calculate the J-factors of these subhalos, and find that the low mass subhalos contribute a lot to the total J-factors. Combining with 91 months of the Fermi LAT observation, we constrain on the cross section of dark matter annihilating directly to two gamma rays. This is the first work combining numerical simulation results and Fermi LAT observations to constrain dark matter cross section to gamma-ray line with subhalo population. Though the constraints derived from subhalo population are weaker than those from Fermi LAT observation of the Galactic center, they are supports of and complementary to these other results.
I. INTRODUCTION
According to the standard ΛCDM cosmology, nonbaryonic cold dark matter (DM) is supposed to compose of approximately 27% of the total energy density of the current Universe [1] . However, the existence of this mystery material is only supported by gravitational phenomena so far. It is badly needed to discover nongravitational evidence to prove its existence, to clarify its characteristics. Among numerous theoretical particles proposed to interpret DM, weakly interacting massive particles (WIMPs) are the leading candidates, since they can naturally match current DM abundance supposing they are frozen out from an equilibrium state with high temperature and high density in the early universe. If DM constitute of WIMPs, owing to their weak interactions, they can generate the Standard Model particles, such as gamma rays, cosmic rays and neutrinos, by annihilation or decay. Thus we can study the DM properties through the measurements of these secondary productions from DM annihilation or decay in regions of high dark matter density. In fact great efforts have been made to search for such secondary productions in the past several decades [2] [3] [4] [5] .
Among all kinds of possible DM annihilation signals, monochromatic gamma-ray lines, generated by DM annihilating to double photons directly, are of special importance. Since no known astrophysical process could generate a line-like signal, it can be clearly discriminated from astrophysical backgrounds. Thus once such a line signal is reliably discovered in the GeV-TeV band, it is a smoking-gun that there is something associated with new physics. Due to the importance of the line emission, previously many works have tried to search for such signals [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Though most of these works did not find any signal and give only upper limits on the gamma-ray line fluxes, some of them showed indications of potential weak signals [7] [8] [9] 17] .
The flux of a gamma-ray line generated by DM annihilating to double photons can be described by Φ(E) = 1 4π
where σv γγ is the annihilation cross section averaged by the DM velocity, m DM is the rest mass of the DM particle, and δ(E − E γ ) is the delta function which denotes the spectrum of line signal in each annihilation. The last term J anni is related to the DM distribution in the space, often called J-factor, which is the integration of the square of DM density ρ 2 (r) along the line of sight s,
Hence the flux of DM annihilation signal is proportional to the square of DM density ρ 2 (r). Thus the gamma-ray emissions from dark matter are preferentially detected from the regions with high DM density, such as the Galactic center, dwarf spheroidal galaxies, and galaxy clusters. In the past decade, numerical N-body simulations have revealed that dark matter halos form hierarchically. As a result, a DM halo hosting the Milky Way would also host large numbers of dark matter subhalos (DMSH). These DMSHs are also suitable targets to hunt for DM annihilation signals. So, some studies dedicated to search for DM signals from DMSHs have been performed [19] [20] [21] [22] [23] [24] [25] [26] . Some high-latitude unidentified gamma-ray sources spectrally compatible with DM annihilating to bb have been picked up from fermi 3FGL catalog [27] , and are treated as DMSH candidates [20] . Two sources among them show evidences of spatial extension, thus are attractive candidates of DMSHs [22, 25, 26] though the possibility that these two sources actually consisted of two or more unresolved point sources can not be excluded, yet. All these previous works focused on continuous signals of DM annihilating to, for example, bb or τ + τ − . In this work, we present our studies concerning on DM line signals from DMSHs. As far as we know, this is the first work combine numerical simulation results and Fermi-LAT observations to constrain DM cross section to gamma-ray line with DMSHs.
II. DMSH DISTRIBUTION IN THE LOCAL VOLUME OF THE MILKY WAY
In the recent years, the development of the N-body simulations, such as Via Lactea II (VL-II) [28] , Aquarius [29] and ELVIS [30] , have significantly improved our understandings of DM distributions in the Milky Way like DM halos. All these simulations resolved numerous substructures and give very similar abundance, distribution, and other properties of DMSH population. Calore et al. [24] also pointed out that inclusion of baryonic matters in the numerical simulations wouldn't affect the resulted gamma-ray DM annihilation signals considerably. Therefore, for simplicity, we will only use Via Lactea II results 1 to derive the characteristics of DMSH population.
VL-II resolved over 20,000 DMSHs which have a peak circular velocity V max > 4km/s. In this work we only consider the subhalos located within galactocentric distance R < 400 kpc (roughly the virial radius of the main halo). Since R < 3 kpc is outside of our ROI (see section IV), we also don't consider DMSHs in this region. Our goal in this work is to estimate the J-factor of DMSH population in the local volume of the Milky Way, and then use it to constrain on DM cross section. To estimate the J-factor, we first derive analytical DMSH spatial and mass distributions by analyzing the results of VL-II. And then using these analytical descriptions, we simulate 500 Monte Carlo realizations of DMSH populations in the local volume of the Milky Way. For each subhalo in the mock data, we sample its spatial position, mass and internal DM distribution to calculate its J-factor. At last, the total J-factor of a DMSH population is determined by summing over all individual DMSH. We don't use the VL-II subhalos directly for the following reasons. VL-II resolved subhalos down to 10 5 M ⊙ , however, at masses below 10 7 M ⊙ it will suffer a completeness problem due to the finite resolution of the simulation. Moreover, theoretical arguments predict Milky Way subhalos can still exist down to a minimal mass of 1 http://www.ucolick.org/~diemand/vl/data.html
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−6 M ⊙ [19, 31, 32] . In the inner tens of kiloparsecs, VL-II results also suffer the same incompleteness issue due to simulation resolution. Thus, to consider these lower mass and inner region populations an extrapolation is required. When extracting the analytical position and mass distribution of DMSH, we restrict our analysis in the range M sub ∈ [10 7 , 10 10 ] M ⊙ and R ∈ [3, 400] kpc. The left panel of Fig.1 shows the radial distribution of VL-II subhalos in the ranges of M sub = [10 7 , 10 10 ] M ⊙ and R = [3, 400] kpc. We adopt an Einasto function [29] 
to fit the radial distribution data in Fig.1 . Considering that the true subhalo abundance inside 20 kpc may be underestimated due to resolution limitations [28] , the fit is performed in a sub range of R > 20 kpc. The dashed red is the best fit line adopting a maximum likelihood fit, with the optimal parameters presented in the plot. For the mass distribution, a power law function
can fit the VL-II data well for masses above 10 7 M ⊙ . Below this mass, the VL-II data departing from this powerlaw may be due to the finite resolution of the simulation. The maximum likelihood fit gives b ∼ −1.9, well consistent with previous works [19, 23, 24] .
We assume that the DM spatial distribution in the individual subhalo follows an NFW density profile [33] ρ(r) = ρ s (r/r s )(1 + r/r s ) 2 .
As the result of tidal stripping, the outer part of a subhalo would be removed. Considering this effect, Hooper et al. [23] suggests an exponential cutoff power law profile accommodates simulation results better. However, we ignore this effect in our work. The resulted bias on the predicted annihilation flux would be less than 10% [19] . To absolutely determine an NFW profile for each subhalo, the value of scale radius r s and scale density ρ s are needed. These two quantities can be derived from the maximum circular velocity of subhalos, V max , and the radius at which this velocity is reached, R Vmax , according to following expressions [19, 34] 
While for V max and R Vmax , previous studies have shown that they are correlated with the subhalo mass. Thus for each subhalo in the MC simulation, its V max and R Vmax are sampled base on these correlations which can be extracted by fitting to the VL-II data. We perform a fit to the correlation between R Vmax data and subhalo mass with a power law function
and derive the best-fit parameters to be R 0 = 0.49 km, δ = 0.35, and a log-normal scatter of σ = 0.116. For V max , there is
with V 0 = 5.8 km/s, δ = 0.32, and a log-normal scatter of σ = 0.096. Our results are presented in Fig.2 . Similar results have already been obtained in [19] . The above approach assumes that the internal DM distribution of the lower mass subhalos (M < 10 7 M ⊙ ) can be derived by the power law extrapolation of those larger ones, however some studies show that the extrapolation to low mass range is not a simple power law [35, 36] . In view of such a fact we also adopt another way to determine the internal DM distribution of each subhalo. The subhalo's concentration parameter c = R virial /r s is correlated its mass M , as found in the N-body simulations covering more than 20 orders of magnitude in DM halo mass. With this concentration-mass (c-M) relation, one can obtain
where ρ c is critical density of the universe, and for c = c(M ) we adopt the relation in [35] . The scatters in c-M relation are not considered in our simulation. Once the mass of a subhalo is given, its DM density profile is also absolutely determined. In the later analysis, we will also present results based on this prescription as a comparison.
With
(13) where M min is the minimal mass of the subhalo. We will adopt some different M min in our later studies to account for the uncertainty of this value.
III. J-FACTOR OF SUBHALO POPULATION
Once the position and density profile of each subhalo is determined, we calculate its J-factor using Eq.2. For subhalos at large distances (D > 2r tidal ), we use the expression
to approximate the J-factor calculation, where D is the distance of the subhalo and we choose to integrate out to the tidal radius r tidal of the subhalos. The total Jfactors of SH populations are derived by summing all subhalos together. In the table I, we summarize the predicted numbers and J-factors for subhalo populations in different mass range. The J-factor1 is calculated by using R Vmax and V max to derive subhalos' r s and ρ s , while J-factor2 utilizes the c-M relation. Generally, the later would result in smaller J-factor of subhalo population (see [36] for similar conclusion). The uncertainties on J-factors correspond to 68% variation in 500 MC simulations. 7 subhalos rather than all predicted number to reduce the expense of calculation, so the scatters should have been amplified. From table I, we find that there exist large numbers of low mass subhalos. Though the J-factor of each of them is small, in total they contribute a lot to the summed J-factor, even greater than those high mass populations.
We also compare the J-factors of subhalos locate in different longitudes, which is shown in figure 3 . The error bar indicates 1σ uncertainty in 500 MC simulations. We find that the J-factor is only slightly dependent on the longitude. Thus we don't apply any longitude cut when defining our ROI in section IV. 
IV. ANALYZING THE FERMI LAT DATA
The Fermi-LAT [37] is currently one of the most prominent gamma-ray instruments on-orbit, which is sensitive in the energy range ∼30 MeV to >500 GeV and most appropriate for indirect searches of WIMPs. In this work, we will use the publicly released Fermi-LAT Pass 8 data (P8R2 Version 6) to perform our analysis. One of the improvements of the Pass 8 data is that they can be subdivided into quartiles according to events' energy/direction reconstruction qualities, allowing to improve the energy/direction resolution by using the high quality data only [38] . In total, 91 months' data (from 2008-10-27 to 2016-06-08, i.e. MET 246823875 -MET 487121910) are used. We take into accont the energy range between 1 and 500 GeV. The Fermi collaboration recommended zenith-angle cut θ < 90
• and quality-filter cuts (DATA QUAL>0 && LAT CONFIG==1) are applied in the gtselect and gtmktime steps. Since we are mainly interested in the high latitude regions where the residual cosmic-ray background is an important contamination, we make use of the ULTRACLEAN data. Considering the energy resolution of EDISP0 data is much worse than that of the rest, and also for consistent with our previous works [17, 18] , we will only take into account EDISP1+EDISP2+EDISP3 data in the analysis to achieve a better energy resolution without considerably losing the statistics. The data selection and the exposure calculation procedure are performed utilizing the latest v10r0p5 version of Fermi science tools.
We define our region of interest (ROI) as all the sky except the region of galactic latitude |b| < 20
• . Masking the low latitude region is to avoid the strong gammaray background from the Galactic plane. In the LAT third source catalog (3FGL) [27] , there are totally 238 sources identified as coming from pulsars, blazars, supernova remnants and other astrophysical sources. These sources are reliably excluded as DMSHs and most of them emit very strong gamma-rays. Thus we remove photons that are within 1
• radius of each of these sources (for LMC and SMC, we mask 3
• regions considering their extension). In fact whether masking the identified sources or not don't affect the final results significantly since they only contribute ∼5% of the total emission for the energy range 1-500 GeV. DMSHs within these masked regions have also been ignored when calculating J-factors in section III.
To give the 95% confidence level (CL) upper limits of a line signal, we perform unbinned maximum-likelihood fittings to the observed count spectra of the ROI. We fit the spectra in the energy domain only, ignoring the events' spatial information, since there is no knowledge of the exact direction of the subhalos. Adopting an unbinned analysis is for not losing sensitivity due to energy binning. The unbinned likelihood function is expressed as [13] ln
where N is the number of total observed photons, E i is energy of each photon, and C(E; λ) is the expected count spectra with its model parameters λ. For a specific DM mass, the line signal due to DM annihilation covers very narrow energy range (which is still the case when the instrumental energy dispersion function has been taken into account). For example, at 40 GeV the 68% containment of a line signal is ∼5%. Thus we can fit the spectra in a very narrow energy window. In our work, we choose the window size to be (E γ − 0.5E γ , E γ + 0.5E γ ), where E γ is the energy of putative line signal (namely the mass of DM for the case of DM annihilating to two gamma-rays). In such a small energy window, the background spectrum could approximate to a power law. Thus the C(E) in Eq. (15) can be expressed as (16) where N b (N s ) is the normalization factor of background (line signal) component,ǭ(E) is the energy-dependent average exposure in the ROI 2 . The D eff is effective energy dispersion of the data in the ROI, which can be evaluated by following expression in the case of our analysis,
(17) where A(E, θ, s), D(E; E ′ , θ, s) are the Fermi LAT effective area and the energy dispersion function 3 , both of which are functions of the incline angle with respect to the boresight θ and event-type parameter s. By maximizing the likelihood value in Eq.(15), the model parameters best describing the observed data are obtained. At a given line energy, the 95% confidence level upper limit of the flux of the line signal is derived by finding the value of N s at which the log-likelihood ln L is smaller by 1.35 compared to the maximum one. For more details of the method of gamma-ray line signal searching, we refer the readers to [8, 13, 17] .
The line energy E γ is fixed in the fitting procedure. We will calculate the upper limits for a series of E γ from 5 GeV to 300 GeV with increment in steps of 0.5 σ E (E γ ), where σ E (E γ ) is the energy resolution (68% containment) of the LAT at E γ .
V. CONSTRAINT ON THE CROSS SECTION
OF DM ANNIHILATING TO GAMMA-RAY LINES Fig.4 shows the 95% confidence level upper limits on the gamma-ray flux of potential line signals within our ROI obtained using the analyzing method described above. Our results may be biased if the real background spectra is intrinsic curved in the adopted narrow energy windows. Thus we have also tested using a log parabola function instead of a power law one to approximate the background spectrum in each energy window. In Fig.4 , the red solid line is for the power law assumption and the black dashed line is for log parabola. As we can see, the log parabola assumption gives rather similar results, suggesting that in such small energy windows a power law spectrum is a good approximation to the background. Thus our subsequent results will be based on the power law assumption as that in our previous works and other line signals searching works.
Combining the line signal flux upper limits with the J-factors derived in section III, we can obtain the constraints on the cross section for DM directly annihilating to two gamma rays, as shown in Fig.5 . The black solid line and the red dashed line represent the limits obtained assuming a minimal subhalo mass of 1M ⊙ and 10 5 M ⊙ , respectively. The gray dotted line is obtained using J-factor2 (see section III for details) and a minimal subhalo mass of 1M ⊙ is assumed. All these results are derived using the mean J-factors averaged over 500 MC realizations. In the case of minimal mass of 1M ⊙ , we also show the 95% coverage considering the J-factors' scatter in the MC simulation (shaded band). Contrary to searches for continuous signals from DM annihilating to quarks and leptons, for which only nearby massive subhalos can produce sufficient emission and be distinguished from the gamma-ray background, for DM line signals low mass subhalos would also contribute a lot to the total predicted signals. It is suggested in some literature that the minimal mass of DMSHs can be as low as 10 −6 M ⊙ , the results would be further improved if we extrapolate to such a minimal mass.
Currently, the most stringent constraints on the cross section of DM annihilating to line signals in this energy range are derived from Fermi LAT observations of the inner Galactic region. Here we also compare our results with these constraints by [15] . The green dashed and solid lines are constraints in [15] for isothermal and NFW DM density profiles, respectively. For both density profiles, the limits by DMSH populations are weaker than those derived from the Galactic data. However, our results are supports of and complementary to the these previous works.
VI. SUMMARY
N-body simulations reveal that there are large numbers of DMSHs in a Milky Way like DM halo. These DMSHs may generate considerable DM annihilation signals since they are regions with higher DM density compared to the smoothly distributed dark matter halo. Previous studies have examined the unidentified point sources in the Fermi-LAT catalogs, by comparing the spectra and spatial extensions of these unidentified sources with those predicted from DM annihilation, and some DMSH candidates have been suggested. Though none of these candidates can be reliably confirmed as a DMSH, stringent constraints on the DM annihilation cross section can be derived based on the number of DMSH candidates. However, all these works were concerning on continuous DM signals of DM annihilating to bb or τ + τ − . In this work, we focus on using the N-body simulation results (VL-II results in our work) combining with Fermi-LAT data to constrain DM annihilation cross section to gamma-ray line signals. To do this, we first derive the characteristics, including radial distribution, mass distri-bution and density profile, of subhalo populations. With these derived characteristics, we generate 500 MC realization of subhalo populations in the Milky Way like DM halo and estimate the prospective J-factors of DM annihilation in subhalos. Then we analyze Fermi-LAT Pass 8 data in the energy range of 1-500 GeV within a region of interest of |b| > 20
• to derive the 95% CL gamma-ray flux upperlimits of potential line signals. Utilizing the derived J-factors and gamma-ray flux upper limits, we set constraints on the cross sections of DM annihilating to line signals. Our constraints are somewhat weaker than those derived from Fermi observation of the Galactic center, however they are supports of and complementary to other constraints set by the Galactic center, dwarf galaxies and galaxy clusters. We also point out that for the line signal search, low mass subhalos would contribute a lot to the total expected annihilation flux due to their large amount. In this work, we assume the minimal subhalo masses of 1M ⊙ and 10 5 M ⊙ , if the subhalos can be survived down to a mass of 10 −5 M ⊙ , as suggested in some literature, the current constraints would be further improved.
Finally, we would like to point out that an operating space mission, the Dark Matter Particle Explorer (DAMPE) [39, 40] with an energy resolutions better than 1.5% at energies >50GeV [41] , and some proposing future missions including for instance the High Energy cosmicRadiation Detection Facality [42] and the GAMMA-400 gamma-ray telescope [43] , are expected to contribute significantly to the gamma-ray line search in the next decade.
